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We realize a non-invasive electrometer based on state engineering in a Rydberg hydrogenic man-
ifold. A quantum interference process involving states with very different dipoles measures di-
rectly the time correlation of a stochastic electric field, with a 200 ns time resolution and with a
83.2±1.4 mV/m single-atom sensitivity, beyond the Standard Quantum Limit in this context. This
quantum-enabled correlation electrometer opens the way to applications in mesoscopic physics, e.g.
for the study of individual charge transits in nano-structures.
Recent progresses in mesoscopic physics make it pos-
sible to directly observe the transit of individual charges
through nano-structures and record the statistics of the
current fluctuations [1–4], which provides much more in-
formation than the average current [5]. This requires ut-
terly sensitive electrometers [6]. A wide variety of solid-
state devices have been proposed and realized, ranging
from single-electron transistors [7, 8] or electromechanical
resonators [9, 10] to sensors based on nitrogen-vacancy
centers [11] or semiconductor quantum dots [12–14].
An alternative route for high-sensitivity single-charge
detection relies on Rydberg atoms (excited states with a
high principal quantum number n [15]), strongly coupled
to the electric field due to their huge dipoles. We demon-
strated recently a non-invasive ultra-sensitive Rydberg-
atom electrometer [16]. The field is measured by a quan-
tum interference process involving two states with very
different dipoles. The sensitivity is beyond the Standard
Quantum Limit (SQL) in this context. The field could be
sampled on a small time interval, but the limited repeti-
tion rate of the sequence prevented us from characterizing
high-frequency stochastic fields.
In this Letter, we overcome this limitation and demon-
strate the operation of a Rydberg-based high-sensitivity
electrometer measuring the electric field correlation func-
tion with a 5 MHz bandwidth. It measures the spec-
tral density of a stochastic electric field, in the spirit
of noise spectroscopy [17–20] or quantum lock-in experi-
ments [21]. This determination is essential to tailor dy-
namical decoupling protocols improving the electrometer
sensitivity in a selected frequency range [22]. We also en-
vision interesting applications in mesoscopic physics, to
measure single charges time correlation functions.
The Stark levels of Rubidium (principal quantum num-
ber n = 51, in an electric field F aligned along the
quantization axis Oz) are represented schematically on
Fig. 1(a). They are sorted according to their mag-
netic quantum number m (we only represent those with
m ≥ 0). They arrange in a triangular array, with the cir-
cular state nC (m = n− 1) [23] at its tip [green level on
Fig. 1(a)]. For m ≥ 3, the quantum defects due to the fi-
nite size of the Rubidium ion core are negligible and the
levels are hydrogenic. For m ≤ 2 the quantum defects
appreciably shift the Stark levels from their hydrogenic
positions. Neglecting the second-order Stark effect, all
dipole-allowed transitions between adjacent levels with
m > 2 in the hydrogenic manifold occur at the Stark fre-
quency ωn = (3/2)nea0F , where a0 is the Bohr radius
(ω51/2pi = 98 MHz for F = 1 V/cm).
The circular state |51C〉 can be prepared by laser and
radio-frequency (rf) excitation in an efficient, selective
and fast process [24]. From this initial state, we explore
selectively the lower edge of the Stark structure [blue
levels in Fig. 1(a)] by shining a rf field, resonant at ω51,
with a pure σ+ polarization. This ladder of equidistant
states is equivalent to a large angular momentum (spin)
J1 = (n−1)/2. A resonant rf pulse performs a rotation by
an angle θ1 of this spin on its Bloch sphere (the circular
state is mapped on the North pole) and prepares a Spin
Coherent State (SCS), as long as we remain far enough
from the non-hydrogenic region with m ≤ 2. Close to
the South pole, the SCS is a superposition of states with
large positive dipoles, proportional to n2 i.e. to the size of
the Rydberg orbit. Similarly, a σ−-polarized resonant rf
pulse addresses selectively the higher edge of the manifold
[orange levels in Fig. 1(a)], equivalent to a spin J2 = (n−
1)/2, evolving on a second Bloch sphere. A rf-induced
rotation by an angle θ2 from |51C〉 prepare a SCS of spin
J2, superposition of states with large negative dipoles.
Our correlation electrometer relies on a sequential ex-
ploration of two SCSs with opposite dipoles. We engineer
a state that has, at one time, a high positive perma-
nent dipole and, at another time, a high negative one.
A quantum interference process between this engineered
state and a reference state, with a small polarizability,
provides information on the difference between electric
field values at different times.
The experimental set-up is described in details in [16,
24]. A thermal Rubidium atomic beam is sent across
a plane-parallel capacitor, generating the electric field
F. It is the sum of a large time-independent field,
F0 = 2.345 V/cm, defining the quantization axis Oz, and
of the small field, f(t), to be measured: F (t) = F0 + f(t)
(|f |  F0). Radio-frequency potentials, carefully tuned
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FIG. 1. (a) Energy diagram of the n = 51 manifold of the
Rubidium atom in an electric field (not to scale). The lev-
els with m ≥ 0, sorted by their magnetic quantum number,
form a triangular structure. The levels with m ≥ 3 are hydro-
genic and equally spaced. For m ≤ 2, the level are appreciably
shifted from the hydrogen-like positions. A σ+( σ−)-polarized
rf field couples the circular state (in green) to the lowest (high-
est) levels for each value of m, represented in blue (orange).
(b) Timing of the experiment. Gray blocks: microwave pulses
creating and probing a superposition of |51C〉 and |49C〉. Blue
(orange) blocks: σ+ (σ−) rf pulses creating a SCS with a large
positive (negative) dipole around t = t+ (t = t−).
in amplitude and phase, applied on four electrodes lo-
cated on the side of this condenser, generate, close to the
center of the structure, a rf field with a nearly pure σ+ or
σ− polarization. At time t = 0, the Rydberg states are
prepared by pulsed (1 µs) laser excitation of the ground-
state beam, followed by a transfer into |51C〉 ending at
t = 8.1 µs. We prepare, on the average, about one atom
in |51C〉 inside the ≈ 1 mm3 excitation region, with a
252 ± 7 m/s velocity, selected in the Doppler profile by
the exciting lasers. This atom finally reaches, outside
the capacitor, after at ≈ 300 µs flight, a field-ionization
detector D resolving adjacent Rydberg manifolds.
Fig. 1(b) (upper frame) presents the experimental se-
quence timing. At time t = 9 µs, a 0.5 µs pi/2 mi-
crowave (mw) pulse at 52.678 GHz, resonant with the
two-photon 51C → 49C transition, prepares the state
|Ψ(0)〉 = (|49C〉 + |51C〉)/√2. The rf field at frequency
ωrf = 2pi ·230 MHz ≈ ω51 is resonant with the Stark fre-
quency in the n = 51 manifold (the small signal field f(t)
does not appreciably change the rf resonance frequency).
With F0 = 2.345 V/cm, (ω51−ω49)/2pi = 9 MHz. Thus,
the n = 49 manifold is not resonant with the rf and, in
first approximation, is impervious to it [25]. The |49C〉
state is a reference used to measure, by Ramsey interfer-
ometry, the quantum phase accumulated by the part of
the wavefunction in the 51 manifold.
After the first mw pulse, we apply a set of two consec-
utive trf = 102 ns-long σ
+-polarized rf pulses centered
on time t+. The first performs a rotation of spin J1 by
an angle θ1 ' 144◦. The phase of the second pulse is
adjusted to bring this SCS back into |51C〉. Transiently,
the part of the wave-function originally in |51C〉 acquires
a large positive dipole, D(t), which results in the ac-
cumulation of a quantum phase Φ+ =
∫
D(t)f(t) dt/~.
The atomic state after the two rf pulses is |Ψ(0)〉 =
(|49C〉 + exp(iΦ+)|51C〉)/
√
2. The time interval during
which D(t) is large, of the order trf , sets the time reso-
lution of the electrometer. When f(t) is slowly varying
at this time scale, we get Φ+ ' α+f(t+). We measure
α+ = 0.0193± 0.0001 rad/(mV/m) [25].
After an adjustable delay, we apply a set of two σ−
polarized rf pulses (97 ns duration), separated by a
small time interval δt−, centered at time t−. They
bring |51C〉 into a SCS of spin J2 with a large nega-
tive dipole (rotation by an angle θ2 ' 137◦) and back.
The relevant part of the wave-function accumulates a
phase Φ− ' α−f(t−) (α− < 0). We precisely adjust
δt− = 12 ns so that α− = −α+ = −α. The atomic state
becomes then |Ψ(0)〉 = (|49C〉 + exp(iΦtot)|51C〉)/
√
2
with Φtot ' α(f(t+)− f(t−)).
Finally, we close the Ramsey interferometer at t =
35 µs with a second pi/2 mw pulse with an adjustable
phase ϕmw with respect to the first. The final probabil-
ity, P49, to detect the atom in |49C〉 reads
P49 = P0 +
C0
2
cos(Φtot − ϕmw) , (1)
where the contrast C0 = 0.63± 0.01 and the offset P0 =
0.43 slightly depart from their ideal values (1 and 1/2)
due to experimental imperfections.
In order to assess the differential electrometer sensi-
tivity, we analyze its response to a deterministic signal.
We set ϕmw = pi/2 so that P49 ≈ P0 when f(t) = 0.
For a small f(t), P49 ≈ P0 + G0 (f(t+)− f(t−)) , where
G0 = αC0/2. We arbitrarily choose t
− − t+ = 9 µs and
sample a time-varying signal f(t) made up of two succes-
sive 1 µs pulses, with 100 ns edge times, starting at ts
and ts + 8.5 µs, each creating a field f0 = 37.6 mV/m.
We scan ts around t
+. The timing corresponding to three
values of ts − t+ are shown in Fig. 2(a).
Fig. 2(b) presents the measured P49 values (dots)
as a function of ts − t+, together with the ideal sig-
nal P0 + (C0/2) sin{α[f(t+) − f(t−)]} (red line). For
ts − t+ < −1.1 µs and for ts − t+ > 0.6 µs, f = 0
during the rf pulses and we accordingly measure P49 =
P0. In between, we observe three plateaus. Around
ts − t+ = −0.75 µs [dotted red line on Fig. 2(b)] the
field f0 is applied only during the first pair of rf pulses
and P49 > P0. Around ts − t+ = 0.25 µs (dotted blue
line), the field is applied during the second pair of rf
pulses and P49 < P0. The sensitivity to the field around
t− is opposite to that around t+ as expected. Finally,
around ts − t+ = −0.25 µs (dotted green line), the field
f0 is applied during the two rf pulse pairs. We get
P49 = P0 even though f(t
+) = f(t−) 6= 0, showing
3FIG. 2. (a) Timing of the electric field pulse for ts − t+ =
−0.75 µs (red), ts − t+ = −0.25 µs (green) and ts − t+ =
0.25 µs (blue). (b) Probability P49 to detect the atom in |49C〉
as a function of ts−t+. The left scale converts the probability
P49 into values of f(t
+)−f(t−) using Eq. (1). The black dots
are the experimental data, the red line corresponds to the
expected values of P49. The inset is a zoom on the transient
around ts − t+ = 0. The vertical red, green and blue dotted
lines correspond to the values of ts− t+ used in panel (a). (c)
Frequency response of the electrometer. Relative sensitivity,
G(ν)/G0, as a function of the signal frequency ν. The dots
are experimental, the line results from a simulation of the
experiment.
that the phases accumulated at t+ and t− cancel each
other. We infer from these data [25] a single-atom sen-
sitivity σ1δf = 82.3 ± 1.4 mV/m for the measurement of
δf = f(t+)−f(t−). This sensitivity is 2.64(15) dB below
the SQL [16, 25], demonstrating quantum advantage in
this measurement.
The rise and fall times of the experimental signal P49
are slightly longer than those (100 ns) of f(t+) − f(t−)
[inset in Fig. 2(b)], giving a first insight into the fre-
quency response of the electrometer. In order to charac-
terize more precisely this response, we apply around t− a
sinusoidal signal at frequency ν with an amplitude f˜(ν)
and an adjustable phase ϕ [while f(t+) = 0] [25].
We record the oscillations of P49 with ϕ and measure
their amplitude, P˜49(ν), as a function of ν. We thus get
the frequency response G(ν) = P˜49(ν)/f˜(ν). Fig. 2(c)
presents G(ν)/G0 as a function of ν (dots). The solid line
presents the theoretical predictions of a model taking into
FIG. 3. Contrast reduction, Cr, as a function the stochas-
tic field amplitude, σf . The solid points correspond to the
contrast of the fringes in the presence of noise normalized to
C0. The dashed line correspond to the predictions of Eq. (2),
the solid line to the exact expression [Eq. (3)]. The magenta
point corresponds to the noise amplitude used in Fig. 4.
account the explicit dipole time dependency during the
rf pulses. It is in excellent agreement with the measured
data, except around 5 MHz, due to uncertainties on the
frequency response of the transmission lines, which feed
the capacitor defining F [25]. Globally, the electrometer
behaves as a low-pass filter with a 3 dB cut-off frequency
of 5 MHz, i.e. a response time of 200 ns. The bandwidth
is only limited by the total duration of the rf pulses, as
intuitively expected.
We now determine the correlation function of a
stochastic field f(t) (with a zero average value). The
accumulated phase, Φtot ' α[f(t+)− f(t−)], is now ran-
dom. The Ramsey fringes, averaged over many realiza-
tions of the experiment, have a reduced contrast, C0Cr,
with Cr < 1. For a small signal amplitude (Φtot  pi),
we get at the second order in this amplitude [25]
Cr ≈ 1− (ασf )2
[
1−G1f (t− − t+)
]
, (2)
where σ2f = 〈f(t+)2〉 is the field variance (the brack-
ets denote an ensemble average of noise realizations) and
where G1f (τ) = (〈f(t)f(t− τ)〉)/〈f(t)2〉 is the first-order
time-correlation function of f . In this regime, the Ram-
sey fringes contrast directly measures the field statistical
properties. We still get an explicit expression of Cr in
the case of a large signal amplitude, provided it has a
Gaussian distribution
Cr = exp
[−α2σ2f (1−G1f (t− − t+))] . (3)
We apply on the atoms a numerically generated Gaus-
sian stochastic signal with a tunable amplitude and an
exponential correlation with a characteristic time τc =
1.5 µs. We set t− − t+ = 9 µs, so that f(t+) and f(t−)
are uncorrelated (G1f ≈ 0). We plot on Fig. 3 the fringe
contrast reduction, Cr, as a function of σf . The dotted
parabola corresponds to the predictions of Eq. (2) and
the solid line to the exact expression (3). Its agreement
with the measured values is excellent.
We show in Fig. 4(a) the contrast, C0Cr, as a func-
tion of τ = (t− − t+). The black dots correspond to a
4FIG. 4. (a) Contrast, C0Cr, as a function of τ = (t
− − t+).
Black dots: no applied noise. The horizontal dotted line corre-
sponds to C0 = 0.63. Red and green dots: experimental data
for a stochastic signal with a noise amplitude σf = 37 mV/m
and correlation times τc = 1.5 µs and 0.5 µs respectively.
Blue dots : experimental data for a stochastic signal with no
correlations for τ > 200 ns. Solid red, green and blue lines:
corresponding theoretical predictions. (b) Black dots and dot-
ted black line: same as in panel (a). Orange dots and solid
orange line: experimental data and theoretical predictions for
a sine signal asynchronous with the experiment.
measurement with no applied noise (Cr = 1). As re-
quired, the contrast, C0, of the fringes does not depend
on τ (within the error bars). We then apply three Gaus-
sian stochastic signals with the same r.m.s. amplitude
σf = 37 mV/m (magenta dot on Fig. 3). The red dots
correspond to τc = 1.5 µs. The red solid line corresponds
to the predictions of Eq. (3), using the known correla-
tion function G1f (τ). The green dots and green lines
depict respectively the experimental data and the the-
oretical predictions for τc = 0.5 µs. Finally, the blue
dots present the contrast obtained for a signal with a
short correlation time (G1f (τ) = 0 for τ > 200 ns [25]).
The agreement between expectations and measurements
shows that the electrometer faithfully measures the field
correlation function down to a time scale limited by the
duration of the rf pulses.
The field correlation function can also be used to mea-
sure a deterministic signal that is not synchronized with
the experiment, a frequent situation in electrometer ap-
plications. We apply a sinusoidal field, f(t), at a fre-
quency ν = 225 kHz, with a small amplitude 18.8 mV/m.
The experimental sequence is triggered randomly with re-
spect to this signal. A field measurement performed by
averaging many realizations of the sequence leads thus to
a null result. The dots in Fig. 4(b) present the Ramsey
fringes contrast as a function of τ . The sinusoidal varia-
tion reflects the sinusoidal correlation of the signal. The
solid line corresponds to the predictions of Eq. (2), in
excellent agreement with the data over the whole range
of τ values.
We have demonstrated a quantum-enabled differential
electrometer relying on the full breadth of the Rydberg
Stark manifold, using in sequence atomic states with
large positive or negative dipoles. It measures the corre-
lation function of small electric fields with a high band-
width and a high sensitivity. The single-atom sensitivity
is 83.2± 1.4 mV/m, well below the SQL. It corresponds
to the field of a single charge at a 130 µm distance. The
time resolution reaches 200 ns, set by the finite duration
of the rf pulses.
The method relies on arbitrary manipulations of the
sign and of the amplitude of the electric dipole. It could
be used to measure multi-time correlation functions of
the field by alternating between positive and negative
dipoles. More generally, it could be used to adapt the
frequency response of the electrometer to the measured
signal, while reducing the adverse influence of noise at
other frequencies.
The Rydberg electrometer could benefit from the high-
` Rydberg states laser trapping, through the ponderomo-
tive potential [26]. This opens the way to the develop-
ment of non-invasive local probes to study the charge
dynamics inside mesoscopic devices, or to characterize
electric field noise above a surface with a high spatial
resolution [27].
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6SUPPLEMENTARY : QUANTUM-ENABLED
ELECTROMETER MEASURES FIELD
TRANSIENTS AND CORRELATION FUNCTION
We detail here the effect of the radiofrequency pulses
on the |49C〉 state, the calibration of the sensitivity, the
calibration of the frequency response of the driving lines
of the cryostat and the generation of the electric field
noise that we apply on the atoms. We also present the
calculation of the fringes contrast for a stochastic signal
and define the Standard Quantum Limit adapted to this
measurement scheme.
A. Atomic dynamics in the n = 49 manifold
At the electric field F0 = 2.345 V/cm, the Stark fre-
quency in the n = 49 manifold is ω49/2pi = 221 MHz.
Therefore, the 230 MHz rf field is not resonant with the
transitions between Stark levels in this manifold. The
dynamics of the atom initially in the |49C〉 state driven
by the σ± rf pulses is the off-resonant Rabi oscillation
of an angular momentum. It rotates around a direction
close to the vertical axis of its Bloch sphere at a fre-
quency Ω˜ =
√
Ω249 + δ
2 , where δ = ω49 − ωrf and Ω49
is proportional to the amplitude of the rf field. During
the rf pulse, the atom initially in |49C〉 will transiently
populate the neighboring elliptic states before returning
in |49C〉 after a time trf = t2pi = 2pi/Ω˜. We choose the
duration trf of the rf pulses to be precisely t2pi.
Because of the second order Stark shift, the spacing of
the levels of the upper diagonal [in orange on Fig. 1(a)
in the main text] is slightly smaller than the spacing of
the levels of the lower diagonal [in blue on Fig. 1(a)]
near the circular state. As a result, the effective value of
the detuning δ is different for σ+ and σ− polarizations,
explaining why we use different values for the duration of
the rf pulses at t+ and t−, t+rf and t
−
rf . Experimentally,
we find t+rf = 102 ns and t
−
rf = 97 ns.
B. Calibration of α±
In order to calibrate α+ and α−, we use three se-
quences. In the first sequence, (a), we only apply the
two pi/2 microwave pulses resonant with the 51C → 49C
transition at t = 9 µs and t = 35 µs. In the second
sequence, (b), we apply, in addition to the microwave
pulses, the two σ+ polarized rf pulses at t = t+. In the
third sequence, (c), we apply instead the two σ− polar-
ized rf pulses at t = t−. We record the Ramsey fringes
corresponding to the sequences (a), (b) and (c) for two
different values of the electric field, F± = F0 ± δf0/2,
with δf0 = 75.2 mV/m, and measure for each sequence
the phase shift (∆Φa,b,c) induced on the fringes by the
change of the electric field by δf0. The difference be-
tween ∆Φb (∆Φc) and ∆Φa is a direct measurement of
the phase shift α+δf0 (α−δf0) accumulated during the
σ+ (σ−) rf pulses.
C. Calibration of the frequency response of the
cryostat transmission lines
In order to measure the frequency response of the elec-
trometer, we apply on the atom an electric field f(t), null
around t+ and sinusoidal at a frequency ν near t = t−
[Fig. S1(a)]. To create this field, we generate, starting
at time ts > t
+, a sinusoidal voltage V (t) with ampli-
tude V0 that we add, through a 100 kΩ resistor, to the
electric line connected to one of the plane electrodes of
the capacitor defining the electric field F. To determine
the amplitude of the electric field seen by the atom, we
measure on an oscilloscope the amplitude of the voltage
after the 100 kΩ resistor. From this measurement and
from the electrodes geometry, we deduce the amplitude
f˜(ν) = λ(ν)V0 of the sinusoidal electric field at the po-
sition of the atom. Due to the electrical resonances of
the transmission line, the proportionality factor λ(ν) be-
tween this amplitude and the applied voltage V0 depends
on the frequency ν. Fig. S1(b) presents the experimen-
tal values of λ(ν)/λ(0), where λ(0) is measured for a DC
signal applied on the resistor. A sharp resonance of the
transmission line around 8.3 MHz is conspicuous.
We then record the probability P49(ts) to detect the
atom in |49C〉 as a function of ts. Changing ts varies
the phase of the signal f at t = t−. P49(ts) thus varies
sinusoidally with ts. We extract the amplitude P˜49(ν)
from a numerical fit of the experimental data [Fig. S1(c)].
Finally, we deduce the electrometer frequency response
G(ν) = P˜49(ν)/f˜(ν), plotted on Fig. 2(c) in the main
paper. Note that at the peak of the 8.3 MHz resonance,
P˜49(ν) reaches 0.57. Deviations from the linear regime
are expected. We thus have excluded this point from the
data in Fig. 2(c).
D. Generation of the stochastic electric field
In order to create the stochastic signal, f(t), we use an
arbitrary waveform generator (AWG), which outputs a
signal equal to a tunable voltage V0 multiplied by a pro-
grammable sequence −1 ≤ S(i) ≤ 1, extracted from its
memory at a 100 MS/s clock rate. The AWG is connected
to the plane electrode through the 100 kΩ resistor. We
first generate 131072 random values y0(i) with a Gaus-
sian distribution. We apply a numerical low-pass filter
to create the sequence
yj0(i) =
131071∑
j=0
e−j/j0y0(i− j)
7FIG. S1. (a) Signal applied to calibrate the frequency re-
sponse. (b) Transmission line response, λ(ν)/λ(0), as a func-
tion of the signal frequency ν. (c) Amplitude P˜49(ν) of the
sinusoidal variation of the probability for detecting the atom
in |49C〉 as a function of the signal frequency ν.
with a correlation constant j0 = 150. We divide yj0(i)
by the largest value ymax of |yj0(i)| to create the final
sequence Sj0(i) = yj0(i)/ymax, with a zero average and a
variance σSj0 = 0.259. We load Sj0 in the AWG memory
and program V0 on the AWG interface.
We play the sequence in a loop, generating a volt-
age V0Sj0([t(ns)/10]), with a time-correlation function
that decays exponentially with a τc = 1.5 µs time con-
stant. Most of the spectral components of the signal
are at frequencies ν ≤ 1/(2piτc), for which λ(ν) ≈ λ(0).
The stochastic electric field signal applied on the atom
thus reads f(t) = λ(0)V0Sj0(t). The total duration of
the sequence, 1.31072 ms, is incommensurable with the
duration of the experimental sequence (311 µs). As we
repeat many times the experiment, the RF pulses ran-
domly samples f(t) with, on the average, 〈f(t)〉 ≈ 0 and
σf = λ(0)V0σSj0 .
The stochastic field with a correlation time τc = 0.5 µs
is generated using the same method, with a new set of
random values y′0(i) and j0 = 50. Finally, the “white
noise” [blue dots on Fig. 4(a) in the main text] is gener-
ated using 131072 random values y′′0 (i) that are averaged
on a 20 points sliding window
ywhite(i) =
1
20
19∑
j=0
y′′0 (i− j)
before being normalized to the maximum value of
ywhite(i) and sent to the AWG. As a result, there is
no correlation between two values of ywhite separated by
more than 20 points (or 200 ns). The 20-points averag-
ing removes spectral components around ν ≈ 8.3 MHz,
where we observed a sharp resonance in λ(ν) [Fig.S1(b)].
This allows us to estimate σf using again the approxi-
mation σf = λ(0)V0σSwhite .
E. Calculation of Cr
In the presence of a stochastic electric field, f(t), the
Ramsey fringes are given by
P49 =
〈
P0 +
C0
2
cos(Φtot − ϕmw)
〉
, (S4)
where 〈·〉 denote the averaging over many realizations of
f(t) and Φtot = α[f(t
+) − f(t−)]. It is convenient to
rewrite Eq. (S4) as
P49 = <
{
P0 +
C0
2
〈
eiα[f(t
+)−f(t−)]
〉
e−iϕmw
}
.
Finally, we find
P49 = P0 +
C0
2
Cr cos(Φ− ϕmw) ,
where Cr and Φ are respectively the modulus and the
phase of 〈eiα[f(t+)−f(t−)]〉. For small values of [f(t+) −
f(t−)], and since 〈[f(t+) − f(t−)]〉 = 0, we can use the
Taylor expansion
〈eiα[f(t+)−f(t−)]〉 ≈ 1− 1
2
α2〈[f(t+)− f(t−)]2〉
We find that Φ = 0. We can expand [f(t+)− f(t−)]2 to
get the reduced contrast Cr
Cr ≈ 1− α
2
2
[〈f(t+)2〉+ 〈f(t−)2〉 − 2〈f(t+)f(t−)〉]
We then obtain Eq. (2) in the main text using 〈f(t+)2〉 =
〈f(t−)2〉 = σ2f .
If f(t+) and f(t−) are two Gaussian random variables,
δf = f(t+) − f(t−) is also a gaussian random variable
8with variance σ2δf = 2σ
2
f
[
1−G1f (t− − t+)
]
. The reduced
contrast Cr can then be expressed as
Cr =
∣∣∣〈eiα[f(t+)−f(t−)]〉∣∣∣ = 1√
2piσδf
∣∣∣∣∣
∫ ∞
−∞
eiαue
− u2
2σ2
δf du
∣∣∣∣∣
so that, finally,
Cr = exp
[−α2σ2f (1−G1f (t− − t+))] .
F. Standard quantum limit
The principle of the differential electrometer is to infer
the value of δf = f(t+) − f(t−) from the measurement
of the state of the atom. The uncertainty on δf obtained
from the detection of one atom is given by
σ1δf =
∣∣∣∣dP49d δf
∣∣∣∣−1 σP49 ,
where σP49 =
√
P49(1− P49) is the standard deviation
of a single atomic detection. When averaging the results
of k atomic detections, the uncertainty becomes σkδf =
σ1δf/
√
k. For small values of δf , P49 ≈ 1/2, therefore
σP49 ≈ 1/2. Using |dP49/d δf | = G0 = αC0/2, we find
σ1δf =
1
αC0
= 82.3± 1.4 mV/m.
A naive classical method to reach the Standard Quan-
tum Limit would correspond to two separate measure-
ments of f(t+) and f(t−) performed at the SQL by
manipulating independently spin coherent states of the
spins J1 and J2. Each measurement, with a duration T ,
achieves a SQL sensitivity [16]
σ1SQL =
1
T
√
n− 1
∣∣∣∣ ∂ω∂F
∣∣∣∣−1 .
These separate measurements are combined to compute
δf with a single atom uncertainty
√
2σ1SQL
At least in the case t− − t+ = T , we can imagine a
more efficient strategy using spin coherent states of the
spin J1 alone. Starting from the north pole of its Bloch
sphere, we perform a pi/2 rotation bringing it in the equa-
torial plane along the x axis. During a first interrogation
time T centered at t+, the spin accumulates a phase shift
Tf(t+)∂ω/∂F . We then perform a spin echo with a pi
pulse around the x axis and let the spin rotate in the
field for another time interval T centered at t−. The
final spin phase rotation is thus Tδf∂ω/∂F , which can
be measured with a 1/
√
2J1 uncertainty [16]. The sen-
sitivity of a classical measurement of δf can thus reach
σ1SQL,
√
2 times lower than that of the naive differential
measurement.
For T = 206 ns, we get σ1SQL = 111.5 mV/m. The
sensitivity of our electrometer is therefore 2.64± 0.15 dB
below the SQL. It is limited by the finite fringes con-
trast, but also by the finite duration of the rf pulses :
even though the electric dipole, D(t), reach the maxi-
mum value of Dmax ∼ (3/2)n2a0e at t = t±, the average
value of D(t) over the duration T of the measurement is
〈D(t)〉 ≈ Dmax/2.
